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ABSTRACT
Orthologous genes from distant eukaryotic species,
e.g. animals and plants, share up to 25–30% intron
positions. However, the relative contributions of
evolutionary conservation and parallel gain of new
introns into this pattern remain unknown. Here, the
extentofindependentinsertionofintronsinthesame
sites (parallel gain) in orthologous genes from phylo-
genetically distant eukaryotes is assessed within the
framework of the protosplice site model. It is shown
that protosplice sites are no more conserved during
evolution of eukaryoticgene sequencesthan random
sites. Simulation of intron insertion into protosplice
sites with the observed protosplice site frequencies
and intron densities shows that parallel gain can
account but for a small fraction (5–10%) of shared
intron positions in distantly related species. Thus,
the presence of numerous introns in the same posi-
tions in orthologous genes from distant eukaryotes,
such as animals, fungi and plants, appears to reflect
mostly bona fide evolutionary conservation.
INTRODUCTION
Eukaryotic protein-coding genes typically are interrupted by
multiple introns, which are excised at the donor and acceptor
splice sites in a complex splicing reaction mediated by the
spliceosome (1). The origin of spliceosomal introns remains a
mystery, and the dynamics of their evolution is poorly under-
stood (2,3). However, comparative genomics has the potential
of opening a window on the deep past, including, perhaps,
the exon–intron structure of protein-coding genes at the earli-
est stages of eukaryotic evolution. After multiple, complete
sequences of eukaryotic genomes became available, compar-
ative analyses revealed numerous introns that occupy the same
position in orthologous genes from distant species (4,5). In
particular, orthologous genes from humans and the green plant
Arabidopsis thaliana share  25% intron positions. Moreover,
even genes from protists, which are thought to have diverged
from common ancestors with multicellular forms early in
eukaryotic evolution, such as those of the malaria plasmod-
ium, share many introns with orthologous genes of animals
and plants (4,5).
The straightforward interpretation of these observations
is that the shared introns were inherited from the common
ancestor of the respective species whereas lineage-speciﬁc
introns were inserted into genes at later stages of evolution
(4,5). Under this premise, parsimonious reconstructions indic-
ate that, even in early eukaryotes, protein-coding genes
already had a fairly high intron density, comparable to that
in modern plant and animal genes. However, the inference that
shared intron positions reﬂect evolutionary conservation is
complicated by the fact that intron insertion does not seem
to be a strictly random process. A simple form of such non-
randomness was taken into account in the parsimonious recon-
struction of intron evolution by Monte Carlo simulation with
intron insertion allowed only in a fraction of a gene’s sequence
(e.g. 10%). The results suggested a relatively small contribu-
tion of independent insertion in the same position in different
lineage (parallel gain) to intron evolution (4,5).
Nevertheless, a greater role of parallel gain due to non-
random intron insertion cannot be ruled out. The short
sequence stretches ﬂanking introns have signiﬁcantly biased
nucleotide frequencies which led to the notion of protosplice
sites, the target sites for intron insertion (6,7). However, it
remained unclear whether the consensus nucleotides ﬂanking
the splice junctions were remnants of the original protosplice
sites or evolved convergently after intron insertion. The exist-
ence of protosplice sites was addressed directly by examining
the context of introns inserted within codons, which encode
amino acids conserved in all eukaryotes and, accordingly,
are not subject to selection for splicing efﬁciency (8). It has
been shown that introns either predominantly insert into
speciﬁc protosplice sites, which have the consensus sequence
(A/C)AGjGt (Table 1), or insert randomly but are preferen-
tially ﬁxed at such sites (8).
At least two cases of apparent parallel gain of introns in
orthologous genes from plants and animals have been reported
(9,10). Moreover, recent probabilistic modeling of intron
evolution suggested that many, if not most, introns shared
by phylogenetically distant species were likely to originate
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doi:10.1093/nar/gki316by parallel gain (11). The implications of this conclusion for
our understanding of evolution of eukaryotic gene structure
are substantial: it follows that intron distribution in extant
organisms is largely determined by relatively recent insertions
and cannot be used to infer exon–intron structure of ancestral
genes.
Therefore, we decided to re-examine the problem of parallel
intron gain, taking into account the accumulating information
on protosplice sites. Here, we show that there is no preferential
conservation of protosplice sites in eukaryotic genes and
describe a simulation analysis of intron insertion process
under the protosplice site model. The results show that parallel
gain of introns is a rare event, and, accordingly, most of the
introns shared by distantly related species ( 90–95%) reﬂect
long-term evolutionary conservation.
MATERIALS AND METHODS
The data set used for this analysis consisted of 684 clusters of
eukaryotic orthologous groups of proteins (KOGs) including a
single representative from each of eight eukaryotic species
with completely sequenced genomes: Anopheles gambiae,
Arabidopsis thaliana, Caenorhabditis elegans, Drosophila
melanogaster, Homo sapiens, Plasmodium falciparum,
Saccharomyces cerevisiae and Schizosaccharomyces pombe
(5). Protein sequences in each KOG were aligned using the
MAP program (12). Intron positions were extracted from
the feature tables of complete genome annotations in the
GenBankdatabase.Intron-ﬂankingsequences(‘shadow’sites),
i.e. sequences surrounding introns and presumably represent-
ing remnants of the protosplice sites into which introns are
thought to insert were extracted from the nucleotide sequences
of the corresponding exons.
Functional sites in nucleotide sequences can be usefully
abstracted into weight matrices (13–15) of the form W =
jln w(b,j))j, where w(b,j) is the frequency of the nucleotide
b in position j. Given a weight matrix, the matching score
S(b1,...,bL) of a sequence b1,...,bL is
Sb 1‚...‚bL ðÞ ¼
X L
J¼1
lnwb j‚j
  
The weight matrix can be used to recognize the corresponding
functional sites by deﬁning a threshold matching score (cut-
off) value. In particular, the weight matrix of the protosplice
sites (Table 1) can be used for recognition of ‘shadow’
sequences. For the purposes of this work, we compared the
protosplice site weight matrix to the set of shadow sites in
coding regions with a series of stringency threshold values
such that between 20% (the most stringent threshold) and
95% (the most liberal threshold) of the shadow sites had a
weight greater than the threshold (values <20% were not used
due to the small number of predicted protosplice sites, fewer
than the actual number of introns, data not shown). The thresh-
old values were calculated separately for each species.
In order to assess the likelihood of independent intron
insertions in the same position, we simulated the process of
intron insertion into genes by randomly scattering introns over
the predicted protosplice sites. To incorporate the non-
uniformity of intron distribution along gene sequences
(16–20) into the model, introns were scattered separately
for the 50-terminal and 30-terminal halves of each gene. The
number and phase distribution (phase 0 introns are located
between codons, and phase 1 and 2 introns are located after
the ﬁrst and second positions of codons, respectively) of
introns used in the simulation were the same as the actually
observed number and distribution in each respective gene, and
the probability of intron insertion was made proportional
to the weight of a protosplice site. For a predicted protosplice
j, this probability is
Pj ðÞ¼Sj b1‚...‚bL ðÞ =
X M
k¼1
Sk b1‚...‚bL ðÞ
where M is the total number of predicted protosplice sites in
the respective gene. In cases when an intron could not be
inserted into any protosplice site because all sites were already
ﬁlled, the entire KOG was discarded from the simulation. This
model is an extension of the statistical model originally pro-
posed by Stoltzfus in the ﬁrst theoretical analysis of intron
conservation (21).
RESULTS
Absence of preferential conservation of protosplice sites
In order to identify protosplice sites, the coding sequences of
eukaryotic genes were compared to the protosplice site weight
matrix (Table 1) (8). In modern intron-ﬂanking sequences, the
protosplice sites, which have the consensus (A/C)AGjGt
(Table 1), survive in the form of ‘shadow’ sites with similar
but not identical nucleotide frequencies (8). These shadow
sites were used to deﬁne a series of stringency threshold values
for protosplice site identiﬁcation; the threshold was deﬁned as
the percentage of shadow sites recognized with a given weight
(see Materials and Methods). This procedure produced the
distribution of protosplice sites in the same position of ortho-
logous genes in one, two or more species (Figure 1). The
frequency of predicted protosplice sites in different species
varied from  1 protosplice site per 100 bases to  70 proto-
splice sites per 100 bases depending on the threshold value
(Table 2). Predictably, the stringently deﬁned protosplice sites
are only rarely ‘conserved’ but, with the relaxation of the
threshold, occurrence of the sites in more than one species
becomes common. However, the distribution of protosplice
sites did not signiﬁcantly differ from the distributions of ran-
dom pentanucleotides which were derived by shufﬂing posi-
tions of the protosplice site weight matrix: the frequencies of
protosplice sites co-occurrence in different species were well
within the narrow range of frequencies of randomly generated
sites (Figure 2). This observation indicates that there is no
speciﬁc conservation of protosplice sites in eukaryotic genes.
Table 1. Frequency of nucleotides in the reconstructed protosplice site (8)
Position  3  2  1 +1 +2
Consensus sequence M(A/C) A G G T
A 0.39 0.62 0.08 0.21 0.24
T 0.04 0.21 0.08 0.15 0.43
G 0.16 0.07 0.76 0.58 0.19
C 0.41 0.10 0.08 0.06 0.14
1742 Nucleic Acids Research, 2005, Vol. 33, No. 6It is well known that introns show an non-uniform phase
distribution, with the ratios of, approximately, 5:3:2 between
phases 0, 1 and 2 (5,11,22,23). Notably, these distributions are
very different from the nearly uniform phase distribution pre-
dicted by the protosplice model (24) (Table 3). Therefore, as
discussed previously, the observed excess of phase 0 introns is
probably due to the preferential retention of these introns by
natural selection (25).
Modeling independent intron gains
The observation that protosplice sites are not speciﬁcally con-
served does not rule out the possibility of substantial parallel
gain of introns. Indeed, with the relaxed protosplice site def-
inition, such as the 90% threshold, there were many coinciding
sites in different species (Figure 1), providing for the possib-
ility of independent intron insertion in the same position. In
order to assess the likelihood of such events, we simulated the
process of intron insertion into genes by randomly scattering
introns over the predicted protosplice sites (see Materials and
Methods). This simulation, run for three pairs of distantly
related, intron-rich genomes, those of H.sapiens, S.pombe
and A.thaliana, yielded low frequencies of predicted inde-
pendent intron gains (Figure 3), suggesting that almost all
introns shared by each pair of species are inherited from their
respective common ancestors. To rule out bias due to potential
alignment artifacts, we performed the same simulations sep-
arately for unequivocally aligned, highly conserved regions of
the alignments (5), with results nearly identical to those
obtained with unﬁltered alignments (Figure 3). The threshold
value used to select protosplice sites had a negligible effect on
the number of parallel gains; although more noticeable in the
analysis limited to the most conserved regions, the differences
between thresholds were minor compared to the difference
between the simulation results and the actual counts of shared
introns (Figure 3). In most of the simulations, the number of
introns independently inserted in the same protosplice site
in different species was <5–10% of the observed number of
shared introns; accordingly, the positions of the rest of the
shared introns (>90%) appear to have been conserved for more
than a billion years which separate, e.g. animals and plants
from their common ancestor (Figure 3 and Supplementary
Table 1).
When the same simulations were run for all genomes
together, even with the most stringent threshold used (20%
of the shadow sites recognized), the number of intron positions
that were ‘conserved’ in two species was several times lower
than the observed number of shared introns, and the number of
introns ‘conserved’ in three or more species was negligible
(Figure 4 and Supplementary Table 2). It should be noticed
that, in this bulk analysis of eight species, distantly related
genomes were mixed with more closely related ones, such as
fruit ﬂy and mosquito. Closely related species have a greater
chanceofindependentintrongainsinthe same positionbothin
the simulations and, possibly,during evolution, due to the high
similarity between orthologous protein sequences. Therefore,
this type of analysis allows only a rough estimate of the frac-
tion of independent intron gains ( 10–20%) in the multiple
Figure 1. Frequency of protosplice site occurrence in the same positions of orthologous genes depending on the threshold.
Table 2. Number of detected protosplice sites per 100 bases depending on the
threshold
a
20 30 40 50 60 70 80 90 95
Ag 0.9 2.0 4.0 7.3 12.4 20.2 35.1 57.1 72.0
At 0.9 2.5 5.2 8.3 13.7 22.2 36.3 59.1 75.9
Ce 0.6 1.8 3.9 7.0 11.3 19.8 33.7 55.1 69.9
Dm 1.0 2.3 4.2 7.5 12.4 19.5 33.0 54.0 70.1
Hs 1.3 2.7 5.4 8.6 13.6 21.0 33.7 54.0 70.2
Pf 0.6 1.7 3.8 5.7 10.6 21.5 39.0 66.5 83.0
Sc 0.9 2.0 4.1 7.0 11.5 19.9 35.3 59.1 77.3
Sp 0.7 2.0 3.9 6.5 11.1 20.1 35.0 59.0 75.8
aThe weight threshold is defined as the percentage of shadow sites recognized
(see Materials and Methods). Abbreviations: Ag, A.gambiae; At, A.thaliana;
Ce, C.elegans; Dm, D.melanogaster; Hs, H.sapiens; Pf, P.falciparum; Sc,
S.cerevisiae; Sp, S.pombe.
Nucleic Acids Research, 2005, Vol. 33, No. 6 1743alignments of eight species; the above caveat suggests this is
likely to be the upper bound of independent intron gain.
Non-local factors that potentially affect intron insertion
A formal possibility exists that some other sequence features
distinct from the local nucleotide context and not accounted
for in the simulations described here affect the probability of
intron insertion in the protosplice sites. In the previous work,
we effectively tested the inﬂuence of long-range factors on the
frequency of independent intron gains by analyzing frequen-
cies of introns separated by a short, ﬁxed distance (1–5 nt) in
two or more species (5). No excess of such introns was detec-
ted, which makes substantial long-range effects acting over
long evolutionary spans unlikely (see Discussion).
Nevertheless, we speciﬁcally examined the potential effect
of the observed distribution of exon lengths on the extent of
independent intron gain. To this end, the predicted frequency
of independent gains yielded by simulations for all genomes
described above was plotted against the similarity (Spearman
correlation coefﬁcient) between the simulated and observed
distributions of exon lengths. No signiﬁcant correlation was
found (Figure 5 and Supplementary Figure 1) suggesting that,
at least within the framework of the present model, the
distribution of exon length did not substantially affect the
frequency of independent intron gains.
DISCUSSION
The simulation analysis based on the protosplice model
described here shows that independent intron insertion in
the same site in orthologous genes is rare, at least in distantly
related genomes. Accordingly, the great majority (>90%) of
introns shared by such distant orthologous genes, e.g. those
Figure2.Frequencyofprotosplicesiteandrandomsiteoccurrenceinthesamepositionsoforthologousgenesforthreethresholdvalues.Foreachthreshold,therange
of frequencies obtained with 10 random sites is shown. Note that, in each case, the protosplice site frequency falls within the range of random site frequencies.
Table 3. Numberofdetectedprotosplicesitesin different phasesper 100bases
depending on the threshold
a
Phases for
threshold = 30
Phases for
threshold = 60
Phases for
threshold = 90
012012012
Ag 0.66 0.68 0.74 4.0 4.1 4.2 18.9 19.0 19.2
At 0.85 0.81 0.83 4.6 4.5 4.6 19.8 19.6 19.8
Ce 0.6 0.59 0.60 3.8 3.8 3.8 18.4 18.4 18.4
Dm 0.72 0.74 0.79 4.0 4.1 4.3 17.9 18.0 18.1
Hs 0.92 0.88 0.93 4.5 4.5 4.6 17.9 18.1 17.5
Pf 0.63 0.51 0.53 3.9 3.3 3.4 22.8 21.7 22.0
Sc 0.70 0.56 0.77 4.1 3.3 4.1 19.8 18.8 20.6
Sp 0.65 0.61 0.69 3.7 3.6 3.8 19.5 19.2 20.0
aThe weight threshold is defined as the percentage of shadow sites recognized
(see main text). Species abbreviations: Ag, A.gambiae; At, A.thaliana;
Ce, C.elegans; Dm, D.melanogaster; Hs, H.sapiens; Pf, P.falciparum; Sc,
S.cerevisiae; Sp, S.pombe.
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i.e. form an uninterrupted lineage of vertical descent from the
common ancestor of these organisms. These observations are
consistent with the results of an earlier analysis of intron dis-
tribution in 20 ancient paralogous families which appear to
have accumulated introns independently (26). In this study,
Cho and Doolittle detected only two possible parallel gains
among 239 analyzed intron positions ( 1%) (26). This value,
which was obtained with an approach completely different
from the one employed in the present work, is comparable
to the frequency of independent gains inferred from the
simulation results discussed here (5–10%) (Figures 3 and 4,
Supplementary Tables 1 and 2); the slightly greater proportion
ofparallelgainsinthe present analysiscould beduetoahigher
intron density in our data set (one intron per 68 bases as
compared to one intron per 132 bases in the work of Cho
and Doolittle). The analysis of Cho and Doolittle was designed
as a test of the introns-early hypothesis (27). In the process,
however, notonlywas one of the predictions of this hypothesis
(intron sliding, the relocation of exon–intron boundary over a
short distance) refuted but, in addition, evidence was obtained
against frequent, independent parallel gains of introns, a staple
of an extreme intron-late view (10,11).
In a recent probabilistic analysis of intron evolution in
10 large families of eukaryotic genes, Qiu and co-workers
arrived to the conclusion that the majority of shared introns
were gained independently rather than inherited from the last
common ancestor of the respective genes (11). The difﬁculty
with this type of analysis is that alignments of numerous
sequences inevitably have a high density of intron positions
which may result in artiﬁcial high frequency of independent
gain in a model. Qiu and co-workers attempted to resolve
this issue using a Bayesian model that allowed ancestral inher-
itance of introns, gain of introns and loss of introns (intron
gains and losses were assumed to be completely reversible).
However, this model used the unrealistic assumption that the
sites actually occupied by an intron in at least one family
member comprised the total set of protosplice sites in which
multiple independent gains of introns could occur without
restriction.Itseemslikelythatthisapproachledtoasigniﬁcant
over-estimate of parallel gains.
Together with the previously reported analysis of proto-
splice sites (8), the results presented here seem to clarify
the mode of intron gain and loss during evolution of euka-
ryotes. Although it has been shown that introns are, indeed,
inserted into protosplice sites, these sites are no more con-
served than any random sequence of the same length. Analysis
of gene alignments revealedcases of extremely high density of
introns, e.g. one intron per 9.7 bases in small G proteins (17)
which means that >10% of nucleotide positions in a gene were
accessible for intron insertion, at least for some period of time
during evolution. As the number of sequenced members of
gene families increases, this bound is expected to move even
further upward. Taken together, these observations argue
Figure 3. Frequency of independent insertions of introns into the same protosplice sites in orthologous genes from H.sapiens, S.pombe and A.thaliana obtained in
simulations compared with the observed frequency of shared intron positions (the last row). The results are shown for a series of increasingly stringent weight
thresholdsused forthe identificationofprotosplicesites.For each threshold, the meanof 1000simulationsis shown.‘all’indicates thatcompletealignmentsof 684
orthologous genes were analyzed, ‘cons’ stands for the analyses of unambiguously aligned, conserved regions from the same genes (5). Species abbreviations: AT,
A.thaliana; HS, H.sapiens; and SP, S.pombe.
Nucleic Acids Research, 2005, Vol. 33, No. 6 1745against widespread existence of rare, conserved cryptic splice
sites which could serve as attractors for intron insertion (28).
Clustering of intron positions, which would be best com-
patible with substantial amount of independent intron gain,
was analyzed in several studies which aimed at revealing
intron sliding (5,17,18,26). No evidence of intron clustering
was found in any of these studies except for an excess of
introns separated by one nucleotide which appears to be the
only type of sliding occurring with appreciable frequency
(17,18). Anecdotal evidence of apparent intron clustering
has been recently reported (29). However, statistical analysis
(17,18) of the data presented in this work showed that the
clustering was not signiﬁcant (data not shown).
In principle, non-local features of gene organization could
affect intron insertions and, if such effects remained undetec-
ted, could bias conclusions on the frequency of independent
gains. Such features include the avoidance of short exons and
the non-uniform distribution of introns across the length of
(a)
(b)
Figure 4. Frequency of independent insertions of introns into the same protosplice sites in orthologous genes from eight species obtained in simulations compared
with the observed frequency of shared intron positions (the last row). (a) Data for complete alignments of 684 orthologous genes. (b) Data for conserved,
unambiguously aligned portions only. The results are shown for a series of increasingly stringent weight thresholds used for the identification of protosplice
sites.Foreach threshold,themeanof1000simulationsis shown;thestandarderroris givenin SupplementaryTable1.Therowmarked‘introns’showstheactually
observed frequencies of shared intron positions.
1746 Nucleic Acids Research, 2005, Vol. 33, No. 6genes, i.e. preferential location of introns in the 50 portions of
genes in many species (16,17,19,20). However, these features
do not appear to be strongly conserved in evolution. In par-
ticular, we observed dramatic differences between intron dis-
tributions in animal genomes (20). Therefore, it seems
unlikely that such features had a substantial impact on the
long-term evolution of introns. This conjecture is compatible
with the absence of statistically signiﬁcant clustering of intron
positions in alignments of gene families (5,17,18,26).
A comparison of the nucleotide sequences around the splice
junctions that ﬂank introns inferred to be ‘old’ (shared by two
or more major lineages of eukaryotes) or ‘new’ (lineage-
speciﬁc) revealed substantial differences between the two
classes in the distribution of information between introns
and exons (25). Old introns have a lower information content
in the exon regions adjacent to the splice sites than new introns
but have a corresponding higher information content in the
intron itself. This suggests that introns insert into protosplice
sites but, during the evolution of an intron after insertion, the
splice signal shifts from the ﬂanking exon regions to the ends
of the intron (25). Very similar results have been reported for
the pairwise comparison of orthologous introns in the nemat-
odes C.elegans and C.briggsae (30). However, if independent
intron gain in the same position was the main reason for the
high frequency of introns shared by distantly related species,
the opposite trend would be expected because independent
gains are more likely to occur in evolutionarily conserved
protosplice sites with a high similarity to the consensus
sequence (10). Thus, the above analyses of the information
content of intron–exon junctions suggest that at least a signi-
ﬁcant fraction of shared introns result from evolutionary con-
servation rather than independent intron gains in the same
position.
Collectively, all these observations are consistent with the
simulation results described here and suggest that parallel,
independent gains account but for a small fraction (5–10%)
of the shared intron positions in orthologous eukaryotic genes
from distantly related species. In other words, the great major-
ity (>90%) of intron positions that are shared by phylogenet-
ically distant eukaryotes, e.g. plants, fungi and animals, seem
to reﬂect bona ﬁde evolutionary conservation. Methodologic-
ally, this means that the Dollo principle, i.e. the assumption
that the likelihood of parallel gain is negligible, is legitimate
for analysis of intron evolution, at least when intron density is
relatively low (31).
An important point to be kept in mind is that all estimates of
the fraction of conserved introns presented here, by deﬁnition
of parsimony, pertain solely to shared intron positions. All
lineage-speciﬁc introns are automatically treated as newly
gained (5,31). In a very recent article, which appeared
when the present work was under review, Roy and Gilbert
developed a maximum likelihood model of intron evolution
which led them to the drastic conclusion that many of the
lineage-speciﬁc introns were likely to be ancient, their evolu-
tion having involved multiple, independent losses (32).
Accordingly, they estimated that eukaryotic ancestral forms
could have had extremely intron-rich genes, with the last com-
mon ancestor of plants and animals, perhaps, having almost as
many introns as humans. The optimal parameters for max-
imum likelihood modeling of intron evolution remain to be
explored; it seems plausible that the most accurate estimates of
the intron density of ancestral eukaryotic forms will fall some-
where between the inherently conservative values presented
here and the generous numbers of Roy and Gilbert.
In terms of more general evolutionary scenarios, the
obtained results are compatible with the ‘many introns early
in eukaryotic evolution’ view (3,5,33). The biological under-
pinning of the conservation of numerous intron positions over
billions of years of eukaryotic evolution remains a major sub-
ject for further studies.
Figure 5. Correlation between the frequency of independent intron gains (complete alignments of 684 orthologous genes) and similarity between observed and
simulateddistributionsofexonlengths(Spearmancorrelationcoefficient).The60%thresholdwasusedfortheidentificationofprotosplicesites(seeResultsforother
threshold values in the Supplementary Material). There was no significant correlation between the two variables: Pearson linear correlation coefficient = 0.027,
P = 0.70.
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